INTRODUCTION
Pseudomonads are well known for the production of a variety of secondary metabolites, including phenazines that are essential for the inhibition of plant pathogens and the control of plant diseases (Haas & Défago, 2005) . Phenazines, which constitute a group of nitrogen-containing, heterocyclic-ring compounds are produced by a number of different plant-beneficial pseudomonads and control a variety of plant diseases caused by plant-pathogenic fungi (Mavrodi et al., 2006) . Distinct Pseudomonas strains often produce different phenazines, and most produce more than one derivative (Pierson & Pierson, 2010) . For example, Pseudomonas chlororaphis 30-84 (hereafter '30-84') produces three phenazine derivatives, phenazine-1-carboxylic acid (PCA) and some 2-hydroxy-phenazine-1-carboxylic acid (2OHPCA) and 2-hydroxy-phenazine (2OHPZ), which are required for the control of take-all disease of wheat caused by Gaeumannomyces graminis var. tritici . In contrast, P. chlororaphis PCL1391 produces PCA and some phenazine-1-carboxamide (PCN) (Chin-AWoeng et al., 1998), which are required for the control of root rot of tomato and cocoyam caused by Fusarium oxysporum f. sp. radicis lycopersici and Pythium myriotylum, respectively (Tambong & Hofte, 2001) . Previous studies point to additional critical roles of phenazines. For instance, phenazines produced by 30-84 are essential for competitive survival in the rhizosphere (Mazzola et al., 1992) and bacterial biofilm formation (Maddula et al., 2006) . Phenazines also serve as signals, and have been shown to regulate the expression of over 50 genes in the opportunistic pathogen Pseudomonas aeruginosa (Dietrich et al., 2006) . Additionally, phenazines can induce plant defence pathways and play roles in electron shuttling and iron chelation (Pierson & Pierson, 2010) .
Previous studies demonstrated that Pseudomonas species utilize combinations of conserved regulatory systems including two-component signal transduction (TCST), quorum sensing (QS), post-transcriptional control by small non-coding RNAs and other regulators that are integrated into sensory networks to control phenazine production in response to diverse environmental inputs (Mavrodi et al., 2006; Mentel et al., 2009; Gross & Loper, 2009 ). In P. chlororaphis, as in most other phenazineproducing bacteria, synthesis of the core phenazine PCA is encoded by a conserved set of biosynthetic genes (Pierson et al., 1995; Mavrodi et al., 2006; Mentel et al., 2009 ). Additionally, one or more accessory genes encode terminal modifying enzymes responsible for the conversion of the core phenazine PCA into other derivatives (Mavrodi et al., 2006) . In several P. chlororaphis strains, phenazine biosynthesis is regulated by the PhzR/PhzI QS system, first described for 30-84 (Wood & Pierson, 1996; Pierson et al., 1994) . PhzR, a LuxR homologue, is a transcriptional regulator that activates phz expression in response to the accumulation of N-acylhomoserine lactone (AHL) signal. In 30-84, inactivation of phzR results in the loss of phz expression and additional copies of phzR in trans stimulated phenazine production to above normal levels (Pierson et al., 1994) . PhzI, a LuxI homologue, is an AHL synthase that in 30-84 produces the signal hexanoylhomoserine lactone (Wood et al., 1997) . CsaI/CsaR, a second QS system in 30-84 shown to be important in exoprotease production and cell aggregation also plays a minor role in phenazine production (Zhang & Pierson, 2001) . Another gene essential for phenazine production in P. chlororaphis PCL1391 is that encoding phenazine inducing protein (pip) (Girard et al., 2006a) , a homologue of the TetR family of transcriptional regulators (Ramos et al., 2005) . Although the exact targets of Pip remain unclear, Pip has been shown to promote phenazine production by enhancing phzI and phzR expression. A recent study demonstrated that switching off phenazine synthesis by attenuating pip expression enhanced bacterial survival, suggesting that Pip plays a role in stress response (Girard & Rigali, 2011) .
In prokaryotes, TCST systems play critical roles in sensing and responding to environmental conditions to coordinately regulate an array of cellular pathways (Parkinson & Kofoid, 1992) . A typical TCST system is composed of a cognate pair of proteins, a membrane-bound histidine kinase (HK) sensor and a cytoplasmic response regulator (RR). The best known TCST among Pseudomonas species is GacS/GacA, known as a master regulator of secondary metabolism. GacS/GacA is essential for phenazine production in P. chlororaphis (Chancey et al., 1999 (Chancey et al., , 2002 and other pseudomonads (Heeb et al., 2002) . Upon activation by as-yet undetermined signals, the membrane-bound HK sensor GacS activates the GacA RR by phosphorylation. It has been shown that GacA positively controls the expression of small non-coding RNAs such as RsmX, RsmY and RsmZ, which titrate the translational repressors RsmA and RsmE (Heeb et al., 2002) . In 30-84, RsmA and RsmE are hypothesized to repress translation of the phenazine biosynthetic genes since overexpression of the rsmZ gene in a gac mutant of 30-84 restores phenazine production (E. Pierson and others, unpublished data) . In PCL1391, GacA positively controls the levels of the general stress sigma factor RpoS, a positive regulator of pip expression and hence phenazine production (Girard et al., 2006b) .
Analysis of the genomes of several Pseudomonas species indicates the presence of a large number of TCST systems (Rodrigue et al., 2000) e.g. 127 in P. aeruginosa PAO1, 51 in P. chlororaphis 30-84 and 91 in Pseudomonas fluorescens Pf-5. Most of these two-component systems have not been characterized or shown to be functional. In P. chlororaphis 30-84, the phenazine repressor RpeA, a putative TCST sensor kinase, has been identified previously (Whistler & Pierson, 2003) . RpeA had the greatest impact on phenazine production under certain environmental conditions, e.g. low-nutrient conditions where growth rates were diminished and phenazine production by wild-type was limited even at high cell density. Relative to the wild-type, the rpeA mutant exhibited increased phenazine production in phenazine-conducive and -limiting media and increased pathogen inhibition in vitro. Furthermore, this study revealed that loss of rpeA did not increase phenazine gene expression in minimal media via increased AHL accumulation, but increased expression of PhzR. Homologues of rpeA have been identified in other Pseudomonas species. For example, Huang et al. (2011) have reported that an rpeA homologue in P. chlororaphis GP72 negatively controlled the production of 2OHPZ, indicating a conserved mechanism of phenazine regulation.
The goals of this study were to identify the cognate RpeA RR (herein named RpeB), determine the effect of RpeA and RpeB on phenazine expression, and determine the relative position of RpeA/RpeB in the phenazine regulatory network of P. chlororaphis 30-84. Quantitative real-time PCR (qPCR) revealed that RpeA and RpeB regulate phenazine production through the two characterized phenazine regulators, Pip and PhzR. In addition, differential regulatory functions were observed for RpeA and RpeB on phenazine biosynthetic and regulatory gene expression. This work expands the current understanding of the RpeA/RpeB TCST system and provides a working model illustrating how RpeA/RpeB contributes to the regulation of phenazine gene expression in P. chlororaphis 30-84.
METHODS
Bacterial stains and growth conditions. Bacterial strains and plasmids are listed in Table 1 and oligonucleotides and primers are  listed in Table 2 . Liquid LB medium, pigment production medium (PPMD) (Wood et al., 1997) and AB minimal medium (Pamp & Tolker-Nielsen, 2006) supplemented with 2 % Casamino acids (Difco, Becton Dickinson) were used for culturing P. chlororaphis. When necessary, the following antibiotics were added to the medium: 100 mg ampicillin (Ap) ml 21 , 50 mg kanamycin (Km) ml
21
, 100 mg DNA manipulation and sequence analysis. Plasmid DNA isolation, cloning, restriction enzyme digestion and T4 DNA ligation were performed using standard procedures (Sambrook & Russell, 2001) . PCR was carried out using Taq DNA polymerase (Invitrogen Life Technologies) at 95 uC for 5 min, followed by 30 cycles of 95 uC for 30 s, 60 uC for 30 s and 72 uC for 90 s, and a final elongation step of 70 uC for 10 min. DNA sequencing was performed at the DNA Service Center in the Borlaug Center (Texas A&M University, TX, USA). Nucleotide and amino acid homology searches were conducted using the BLAST programs at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST). The P. chlororaphis (aureofaciens) 30-84 genome sequence has been recently deposited in GenBank. The P. chlororaphis 30-84 biosynthetic operon contains seven conserved biosynthetic genes phzXYFABCD (according to the original nomenclature, Pierson et al., 1995; Mavrodi et al., 2006) , which correspond to phzABCDEFG (according to the P. fluorescens nomenclature). Here, we use the P. chlororaphis nomenclature to conform to the original literature.
RNA preparation for qPCR. P. chlororaphis strains were grown with aeration at 28 uC in AB minimal medium supplemented with 2 % Casamino acids for 18 h to OD 600 1.2. Cells were harvested by centrifugation for 10 min at 4000 g and RNA was extracted using a Qiagen bacterial RNA protect mini kit as recommended by the manufacturer. RNA quality was checked using the Agilent 2100 Bioanalyser. Genomic DNA was removed using DNase I (Ambion Life Technologies) on-column digestion. RNA was reverse-transcribed using random primers (Invitrogen) and Superscript III (Invitrogen) at 50 uC for 1 h and inactivated at 75 uC for 15 min.
qPCR methods and analysis. qPCR was performed at the Gene Expression Service Center at Texas A&M University using a previously described method with a few modifications (Wang et al., 2011a (Wang et al., , 2012 . SYBR Green reactions were performed using the ABI 7900 HT Fast System (Applied Biosystems) in 384-well optical reaction plates. Aliquots (1 ml) of cDNA (2 ng per reaction) or water (no-template control) were used as template for qPCRs with Fast SYBR Green PCR Master Mix (Applied Biosystems) and primers (500 nM final concentration). Primer pairs rpeART1-rpeART2, rpeBRT1-rpeBRT2, pipRT1-pipRT2, phzRRT1-phzRRT2, phzIRT1-phzIRT2, phzBRT1-phzBRT2, hfqRT1-hfqRT2, rpoDRT1-rpoDRT2, csaIRT1-csaIRT2, csaRRT1-csaRRT2, 16RT1-16RT2 and rpoSRT1-rpoSRT2 were used to detect the expression of rpeA, rpeB, pip, phzR, phzI, hfq, rpoD, csaI, csaR, 16S rDNA and rpoS genes, respectively (Table 2) . qPCR amplifications were carried out at 50 uC for 2 min and (Wang et al., 2011a (Wang et al., , 2012 .
Generation of rpeA, rpeB and rpeAB double mutants. P. chlororaphis rpeA, rpeB and rpeAB mutants were generated using l phage recombinases, as described by Lesic & Rahme (2008) . Briefly, P. Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at the end of the oligonucleotide.
CTTTCGGCTTCTTCTTCGTC chlororaphis 30-84 was transformed with plasmid pUCP18-RedS expressing recombinases reda, redb and redc. The transformant P. chlororaphis 30-84 (pUCP18-RedS) was grown overnight at 28 uC, reinoculated in LB broth containing 0.1 % arabinose and grown to exponential phase (OD 600 0.8). Cells were collected, made electrocomponent and stored at 280 uC. Recombination fragments consisting of a kanamycin cassette with its own promoter, flanked by a 100 nt homology arm, were generated by PCR using plasmid pUC4K as a template. The 59 end of each primer used for the generation of rpeA, rpeB and rpeA/rpeB double mutants contained 100 nt homology arms corresponding to the first and last 50 bases of the rpeA, rpeB or rpeAB, whereas the 39 end of each primer contained 20 nt that were designed to amplify the kanamycin cassette from pUC4K. The primer pairs F-rpeA 100 -kan-R-rpeA 100 -kan (rpeA deletion), F-rpeB 100 -kan-R-rpeB 100 -kan (rpeB deletion) and F-rpeB 100 -kan-R-rpeA 100 -kan (rpeAB deletion) were used to amplify kanamycin gene fragments from the cassette vector. Mutant strains were confirmed by PCR using primers F-rpeB, R-rpeB, F-rpeA, R-rpeA and internal primer pairs, km1 and km2 of the kanamycin gene. PCR products were purified by 2-propanol precipitation. Electroporation was performed according to standard protocols, and transformants were plated on LB amended with Km. For the resulting mutants, the majority of the coding region of each gene was replaced by the Km R marker, except for the first and last 100 nt.
Generation of the pip and rpoS mutants. For pip mutant generation, P. chlororaphis 30-84 was mutagenized using the pRL27 plasposon, as described previously (Larsen et al., 2002) . Putative transconjugants were selected on LB plates supplemented with Km and Rif. One colony (designated 30-84P) was chosen visually for reduced phenazine production on PPMD plates (pale colour) as compared with the wild-type (bright orange colour). Sequencing analyses revealed that the plasposon was inserted within the pip promoter region approximately 60 bp upstream of the start codon. For rpoS mutant generation, the rpoS gene contained on plasmid pFMB2.7 was disrupted by insertion of a 3.8 kb fragment containing a promoterless uidA gene and a constitutively expressed kanamycin resistance gene near the centre of the rpoS gene. The resulting plasmid was introduced into 30-84 by triparental mating as described previously (Pierson et al., 1994) . The disrupted rpoS gene was introduced into the 30-84 genome by homologous recombination. A Km r , Tc s recombinant (designated 30-84S) was chosen and the disruption of rpoS verified by Southern hybridization and Western blot analysis (data not shown).
Cloning rpeB, pip and rpoS genes. The rpeB and pip flanking sequences were used to design primers to amplify fragments of these genes and their promoter sequences. Primer pairs rpeB1-rpeB2 and pip1-pip2 were used to amplify the rpeB and pip genes and their flanking sequences. Following amplification, DNA fragments for rpeB and vectors (pLAFR3 and pPROBE-GT2) were both digested with EcoRI and HindIII and ligated. For pip, both the DNA fragment and pPROBE-GT2 vector were digested with EcoRI and BamHI and ligated together. The final plasmids were designated pRpeBLaf (rpeB in pLAFR3 vector), pRpeB (rpeB in pPROBE-GT2 vector) and pPip (pip in pPROBE-GT2 vector), respectively. Plasmids were introduced into P. chlororaphis rpeB or pip mutants by electroporation (for pPROBE-GT vector) or triparental mating (for pLAFR3 vector). Transformants were selected on LB plates supplemented with appropriate antibiotics. Their genotypes were confirmed by both enzymic digestion and sequencing.
Plasmid pJEL5649 containing rpoS from P. fluorescens Pf-5 (Sarniguet et al., 1995) was labelled with digitoxin according to the manufacturers' instructions (Boehringer Mannheim). Five cosmids were identified in the 30-84 genomic library that contained chromosomal DNA with homology to the rpoS probe. Digestion of cosmid DNA from each clone with EcoRI identified common fragments of 2.7, 2.9, 3.5 and 8.5 kb. Subcloning, colony hybridization analysis and DNA sequencing indicated the 2.7 kb fragment contained the region with homology to the rpoS probe.
Construction of transcriptional fusions for gene expression assays. The promoter sequence of phzX (PphzX, 108 bp) with EcoRI and BamHI restriction ends was synthesized by GenScript ( Table 2) . The promoter and vector pPROBE-GT2 were both digested with EcoRI and BamHI and the resulting fragments were gel purified, ligated and cloned upstream of the promoterless gfp gene. The resulting plasmid was designated pPhzX-GFP and confirmed by restriction enzyme digestion and sequencing.
For the phzR promoter transcriptional fusion, plasmid pSK202 was digested with BamHI and HindIII and the 3.5 kb fragment containing lacZ was inserted into the unique BamHI and HindIII sites in pPROBE-KT2 ( Table 2 ). The resulting plasmid, pPROBE-KT2lacZ, contains the promoterless lacZ gene with a ribosome-binding site upstream of the promoterless GFP gene. Flanking sequences of phzR were used to design primers to amplify DNA fragments. Primers PphzR1 and PphzR2 were used to amplify the 0.9 kb promoter sequence of phzR from the P. chlororaphis wild-type strain. Both the DNA fragment and the pPROBE-KT2lacZ vector were digested with EcoRI and ligated. The resulting plasmid pPhzR-LacZ was confirmed by restriction enzyme digestion and sequencing.
Triparental mating. The donor (Escherichia coli DH5a), helper (E. coli HB101) and recipient strains (P. chlororaphis) of bacteria were grown separately in 3 ml LB broth overnight (28 uC for P. chlororaphis and 37 uC for E. coli). Equal amounts of the donor, helper and recipient strains were combined into one centrifuge tube, spotted onto sterile nitrocellulose filters on LB plates and incubated overnight at 30 uC. Resulting bacteria were suspended in 1 ml water and 10 ml was spread onto LB plates supplemented with Rif (to select against E. coli) and the appropriate antibiotic (to select for recipient cells harbouring the plasmid).
Quantification of phenazine production. P. chlororaphis strains were grown with aeration at 28 uC in PPMD, LB and AB minimal medium supplemented with 2 % Casamino acids for 18 h to OD 600 1.6, 1.8 and 1.2, respectively. Phenazines were extracted and quantified by UV-visible light spectroscopy as described previously (Whistler & Pierson, 2003) . Briefly, triplicate 10 ml cultures grown overnight at 28 uC with shaking in different media were centrifuged, and the supernatants were acidified to approximately pH 2 with concentrated HCl. Phenazines were extracted with an equal volume of benzene for 6 h. Following evaporation of the benzene under air, phenazines were resuspended in 0.5 ml 0.1 M NaOH, and serial dilutions were quantified via measuring absorbance at 367 nm. The absorbance for each sample was normalized to the total absorbance of the 10 ml culture. 30-84ZN, used as a negative control, carries a mutation in the phzB gene and is deficient in phenazine production.
AHL extraction and biological assays. Total AHL extractions were prepared from cell-free supernatants of 30-84 and the rpeB mutant as described previously (Whistler & Pierson, 2003) . Briefly, 5 ml cultures were grown overnight at 28 uC with shaking in PPMD broth to OD 600 1.6. The cultures were centrifuged, and supernatants were mixed with an equal volume of acidified ethyl acetate. The ethyl acetate phase was evaporated and the dried extracts containing AHLs were suspended in a volume of PPMD equal to the original culture, which was subsequently filter-sterilized. AHL production was quantified by inoculating the extracted AHLs with the AHL-specific reporter P. chlororaphis 30-84I/Z (phzI " , phzB : : lacZ). 30-84I/Z is deficient in AHL production due to the mutation of the AHL biosynthetic gene phzI. However, it responds to AHL by producing the reporter gene
The RpeA/RpeB system in P. chlororaphis product b-galactosidase. The activity of b-galactosidase was determined subsequently on cultures grown with shaking at 28 uC after 24 h (Miller, 1972) . The assays were repeated at least three times.
Pathogen inhibition assays. To measure the ability of strains to inhibit the pathogen G. graminis var. graminis, overnight cultures of 30-84 and derivatives were spotted onto triplicate LB plates+0.5 % potato dextrose agar. After 2 days of growth at 28 uC, a 5 mm plug of G. graminis var. graminis was placed in the centre of the plates. After 4 days, zones of inhibition, the distance between the edge of the bacterial colony and the fungal mycelium, were measured (Whistler & Pierson, 2003) . The assays were repeated, and one representative experiment is presented.
GFP reporter gene assay by flow cytometry. Flow cytometry analyses were conducted at the Flow Cytometry Facility at Texas A&M University. The FACSCalibur flow cytometer (BD Biosciences) was used to monitor the GFP intensity of wild-type and mutant strains containing different promoter-GFP constructs (Wang et al., 2009 (Wang et al., , 2010 . The wild-type and the rpeB mutant containing the phz promoter-GFP fusion plasmid were grown in LB overnight, harvested and resuspended in half strength PBS buffer. Bacterial suspensions were reinoculated in PPMD, LB and AB+2 % Casamino acids and grown at 28 uC shaking for 18 h. Bacterial cultures were harvested by centrifugation, washed once with PBS and then resuspended in PBS for flow cytometry assays. Data were collected for a total of 100 000 events and analysed by gating using the flow cytometry software FCS Express V3 (De novo Software). A geometric mean was calculated for each sample. Each treatment was performed in triplicate and the experiment was repeated at least three times.
Statistical analyses. Differences between strains were analysed statistically using ANOVA and protected Least Significant Difference (LSD) tests (P,0.05). For comparisons made in different media, a two-way ANOVA was used (SAS Version 9.2, SAS Institute).
RESULTS

Identification of the rpeB gene and generation of an rpeB mutant
Based on the analysis of the P. chlororaphis 30-84 genome sequence using the previously reported rpeA gene sequence (Whistler & Pierson, 2003 ; GenBank accession no. AY212250), the putative cognate RR rpeB gene was identified 4 nt upstream of rpeA. rpeA and rpeB are transcribed from the same strand of genomic DNA. The predicted protein encoded by rpeB is 234 amino acids long, and domain analysis revealed the presence of an N-terminal CheYhomologous receiver domain [Simple Modular Architecture Research Tool (SMART) accession no. SM00448] and a Cterminal winged helix-turn-helix DNA-binding domain (SMART accession no. SM00862) (see Fig. S1 , available with the online version of this paper). RpeB shows a high degree of similarity (.70 % at the amino acid level) to several functionally uncharacterized RRs in plant-associated bacteria belonging to the genera Pseudomonas, Burkholderia and Ralstonia. A protein BLAST search revealed that RpeB shares 99 %, 73 % and 71 % amino acid similarity with RRs of P. fluorescens Pf-5 (YP_260374.1), Burkholderia thailandensis E264 b(YP_439933.1) and Ralstonia solanacearum PSI07 (YP_003751111.1), respectively. In addition to P. fluorescens Pf-5, RpeB shares ¢90 % amino acid similarity with more than a dozen Pseudomonas species; however in P. aeruginosa PAO1, the most closely related protein (68 % sequence similarity) is ParR (NP_250490.1), belonging to the OmpR family of response regulators. The rpeA homologues were detected immediately downstream of the corresponding rpeB homologues in all of the Pseudomonas species, having high (¢90 %) amino acid similarity to the P. chlororaphis 30-84 RpeB; however, the RpeA homologues typically exhibited a lower degree of amino acid sequence conservation than those of RpeB. This also was true across genera. The P. chlororaphis 30-84 RpeA shares 98, 94, 53, 53 and 47 % amino acid similarity with homologues in P. chlororaphis GP72 (ADO14993.1), P. fluorescens Pf-5 (YP_ 260373.1), B. thailandensis E264 (YP_439934.1), R. solanacearum PSI07 (YP_003751112.1) and P. aeruginosa PAO1 (NP_250489.1), respectively.
In order to study the role of rpeA and rpeB in the regulation of phenazine biosynthesis in P. chlororaphis, we generated non-polar insertional mutations within rpeA and rpeB using a modified l-Red cloning technique reported previously (Lesic & Rahme, 2008) . In the mutants, the endogenous copy of rpeA or rpeB was deleted (except for 100 nt) and replaced with a kanamycin resistance cassette, as described in Methods. This rpeA : : Km insertional mutant (herein referred to as DrpeA) contains a gene disruption that is more similar to the rpeB mutant, DrpeB, but that differs from the previously described mutant (Whistler & Pierson, 2003) containing a Tn5 insertion [rpeA : : Tn5, herein referred to as the rpeA(Tn) mutant]; DrpeA was used for all analyses unless otherwise indicated.
RpeB is a positive regulator of phenazine production
It has been as shown previously that the sensor kinase RpeA negatively controls phenazine production in P. chlororaphis (Whistler & Pierson, 2003 ). Therefore, we tested the impact of deletion of rpeB on phenazine production. On PPMD plates, the rpeB mutant exhibited less antibiotic production (orange colour) than the wild-type (Fig. S2a) . Complementation of the rpeB mutant by introducing rpeB in trans on a medium-copy-number vector visually restored phenazine production, indicating its positive regulatory role in phenazine biosynthesis. To quantify phenazine production, bacterial cells were grown in three types of media routinely used to study phenazine regulation: pigment-inducing medium (PPMD), LB medium and AB minimal medium plus 2 % Casamino acids. Quantitative spectrophotometric assays were then performed to determine the levels of phenazine production in different media. As shown in Fig. 1(a) , phenazine production in the rpeB mutant was less than half the amount produced by the wild-type strain in PPMD and LB media. In AB minimal medium plus Casamino acids, the wild-type produced low levels of phenazine, with absorbance at 367 nm of 0.38, whereas phenazine produced by the rpeB mutant was barely detectable. To verify whether the decrease in phenazine production by the rpeB mutant is specifically related to the mutation in the rpeB gene, phenazine biosynthesis was measured after complementation of the rpeB mutant. As shown in Fig. 1(a) , the complemented strain of the rpeB mutant produced two-five times more phenazine than the rpeB mutant, depending on the growth medium, and slightly more than the wild-type. These results indicate that rpeB functions as a positive regulator of phenazine biosynthesis in P. chlororaphis. Similar to what was observed previously for the rpeA(Tn) mutant, phenazine production by the rpeA deletion mutant was 1.6±0.2 and 2.1±0.4-fold higher than the amount produced by the wild-type strain in PPMD and LB media (data not shown). Interestingly, the rpeAB double mutant produced a lower amount of phenazines than wild-type, similar to that of the rpeB mutant (e.g. in LB, rpeAB A 367 5 0.45).
In order to correlate phenazine production with phenazine biosynthetic gene expression, the promoter of phzX, the first gene in the phenazine biosynthetic operon, was cloned into a promoterless GFP reporter vector. GFP intensity was measured by flow cytometry in the wild-type and rpeB mutant containing the phzX promoter-GFP fusion plasmid in different liquid media. As shown in Fig. 1(b) , cells of the wild-type strain appeared to express higher levels of GFP than those of the rpeB mutant in PPMD medium. Higher expression of GFP also was observed for the wild-type compared with the rpeB mutant in LB and AB minimal medium (data not shown). The GFP intensity value was measured at 385.3±25.1, 289.2±32.5 and 45.1±8.6 (geometric mean) for 30-84 grown in PPMD, LB and AB minimal media, respectively. In contrast, the GFP intensity level of the phzX promoter in the rpeB mutant was decreased to 176.3±12.0, 100.2±11.8 and 8.2±2.5 for PPMD, LB and AB minimal media, respectively. These results demonstrate that the expression of phzX is correlated with phenazine production in the wild-type and rpeB mutant. These results also are consistent with RpeB regulation of phenazine production by activation of the phenazine biosynthetic genes.
Position of RpeB in the regulatory network of phenazine biosynthesis
Because phenazine expression is regulated by the phzR/phzI quorum sensing genes, one hypothesis is that the reduction in the expression of phenazine genes in the rpeB mutant compared with the wild-type strain (Fig. 1) could be the result of lower AHL signal production in the rpeB mutant. We tested this hypothesis by measuring the amount of AHL produced by 30-84 and the rpeB mutant in various media using 30-84I/Z (phzI " , phzB : : lacZ) as a reporter. The amount of AHL (measured as Miller units) produced by the rpeB mutant was significantly lower than that produced by the wild-type, indicating that the reduction in phenazine expression in the rpeB mutant was due partially to decreased AHL accumulation (Fig. 2a) . To test if the decreased phenazine production also was due to a decrease in phzR expression, we measured phzR expression in PPMD, LB and AB minimal medium using a transcriptional fusion PphzR : : lacZ in the wild-type and rpeB mutant. As shown in Fig. 2(b) , the expression of phzR was significantly lower in the rpeB mutant, less than half of that of the wild-type strain in the different media. These results suggest that RpeB regulates phenazine synthesis by modulating the level of AHL and PhzR in P. chlororaphis.
Several genes, including rpoS, gacA/gacS and pip, are known to play important roles in the expression of phenazine Bacterial strains were grown in different media for 24 h at 28 6C with shaking. Phenazine was extracted in benzene and the amount of phenazine was measured at 367 nm. No absorbance was detected at 367 nm for extracts from the negative control, 30-84ZN, which does not make phenazines (data not shown). Data points represent means±SD of three replicates. Statistical analysis indicated that differences between strains in phenazine production were significant in all comparisons except between wild-type (WT) and the rpeB mutant in AB minimal media. Similar results were obtained in at least two independent experiments. (b) The expression of the phzX gene in WT and rpeB mutant strains. GFP intensity produced by the WT and the rpeB mutant containing the phzX promoter-GFP fusion plasmid was measured by flow cytometry. The experiment was repeated at least twice and similar results were obtained.
biosynthetic genes (Girard et al., 2006a, b) . The RNAbinding protein Hfq also positively regulates phenazine production by activating the quorum sensing system (E. Pierson and D. Wang, unpublished data) . In addition, the second quorum sensing system CsaI/CsaR also positively contributes to phenazine production in 30-84 (Zhang & Pierson, 2001) . To determine how RpeB fits into the phenazine regulatory network, qPCR was performed. First, we determined the expression of rpeB and rpeA transcripts in rpeB and rpeA mutant strains. Expression of neither rpeA nor rpeB was detected in the corresponding rpeA or rpeB mutant, respectively, reflecting the absence of rpeA and rpeB transcript in the mutant strains (Fig. 2c) . However, expression of rpeA was not altered in the rpeA(Tn) mutant (data not shown). In this mutant, the rpeA gene was disrupted by a transposon element in the middle of the ORF (Whistler & Pierson, 2003) ; therefore the truncated sequence of rpeA was still transcribed. Consistent with phenazine production, relative to the wild-type phzB expression was reduced 10-fold in the rpeB mutant, but increased 2.6-fold in the rpeA mutant. We also examined the expression of several phenazine regulatory genes including hfq, pip, rpoS, csaI, csaR, phzI and phzR in both mutants. Although the difference between the wild-type and the rpeB mutant in phzI expression was not significant, phzI expression was significantly higher in the rpeA mutant than in the rpeB mutant. The expression of phzR was significantly lower in the rpeB mutant than in the wild-type. These results are consistent with AHL production and phzR transcriptional fusion data (Fig. 2) . Loss of rpeB also resulted in decreased pip transcript levels, but not in decreased csaI, csaR, rpoS or hfq transcripts ( Fig. 2c and data not shown). On the other hand, the expression of pip, phzI and phzR was increased in the rpeA mutant. These results indicate that RpeB activates the expression of the phenazine biosynthetic genes through Pip, but not CsaI, CsaR, RpoS or Hfq.
To further test whether Pip acts downstream of the RpeA/ RpeB TCST system on phenazine production, pip was cloned into a medium-copy-number vector driven by its own promoter. qPCR analyses revealed that having multiple copies of pip resulted in a 20-and 18-fold increase in pip transcripts in the rpeB and pip mutants compared with those having the vector control (data not shown). Introduction of the pRpeB2 plasmid (having multiple copies of rpeB) into the pip or phzR mutant increased the expression of rpeB by 20-fold (data not shown). As shown in Fig. 3(a) , phenazine production in the pip mutant was complemented by Pip overexpression, suggesting a positive role of Pip in phenazine production. Overexpression of pip in the rpeB mutant resulted in significantly more phenazine production in LB medium than observed for the wild-type (mean A 367 2.6 versus 1.5, respectively). In contrast, overexpression of rpeB in the pip mutant did not rescue phenazine production (mean A 367 0.18). Similarly, overexpression of rpeB or pip in a phzR mutant did not rescue phenazine production (mean A 367 0.08 and 0.07, respectively). These complementation assays are consistent with the placement of RpeA/RpeB upstream of Pip and PhzR in the regulatory pathway leading to phenazine production.
To determine whether Pip regulates phenazine expression through regulation of phzR and/or phzI, we examined the expression of phzR and phzI in the pip mutant. The expression of phzR and phzI was significantly lower in the pip mutant than the wild-type (Fig. 3b) . Consistently, the expression of phzB was also downregulated. However, the level of rpeA and rpeB expression was not altered in the pip mutant compared with the wild-type strain. These results indicate that pip activates the expression of the phenazine biosynthetic genes through phzR and phzI. , phzB : : lacZ). The relative amount of AHL was determined by b-galactosidase assays. Statistical analysis indicated that AHL production was significantly higher for the WT than the rpeB mutant in all media. (b) Expression of phzR determined by using a phzR : : lacZ transcriptional fusion. Statistical analysis indicated that expression of phzR was significantly higher in the WT than in the rpeB mutant except in AB minimal medium. (c) Relative expression of rpoS, hfq, rpeA, rpeB, pip, phzI, phzR and phzB in rpeA and rpeB mutant strains compared with the WT strain by qPCR. 16S rDNA was used as the reference gene. Cells were grown in AB minimal medium+2 % Casamino acids for 18 h with shaking to OD 600 1.2. Data points represent means±SD of three replicates. Statistical analysis of DDCt values confirmed that for each gene tested, nonoverlapping error bars indicate significant differences between strains in gene expression. These experiments were repeated at least three times and similar results were obtained.
To determine whether RpoS regulates phenazine production through RpeA/RpeB, an rpoS mutant was created as described in Methods. Mutation in rpoS did not affect phenazine production in rich medium, but significantly reduced phenazine biosynthesis in minimal medium (Fig.  S3) . These results indicate that RpoS positively contributes to phenazine production in low-nutrient conditions. To position RpoS into the regulatory network of phenazine production, the relative expression of rpeB, rpeA, pip, phzI and phzR was measured in an rpoS mutant. As shown in Fig. S3 , the expression of rpeA and rpeB was not altered by the rpoS mutation. Whereas, consistent with a previous report (Girard et al., 2006b) , the expression of pip, phzI and phzR was significantly decreased in the rpoS mutant. These results indicate that RpoS and the RpeA/RpeB system independently regulate phenazines via pip.
Mutation of rpeB decreased pathogen inhibition activity
It has been well-documented that fungal growth inhibition by P. chlororaphis 30-84 largely relies on the ability to produce phenazines . The ability of the wild-type 30-84 and the rpeA and rpeB mutants to inhibit growth of the plant pathogen G. graminis var. graminis was determined using an in vitro plate inhibition assay. Little inhibition was seen for the non-phenazine-producing 30-84ZN (white colony colour) and mycelial growth reached the bacterial colony at 4 days post-inoculation. In contrast, the wild-type strain (bright orange colony) inhibited fungal growth and caused melanization (dark colour) of the mycelia (Fig. S2b) . The mean zone of fungal growth inhibition (nearest distance to mycelium) for 30-84 was approximately 7.5±0.5 mm at 4 days post-inoculation. (Fig. 4) . Consistent with the previous study, the rpeA mutant showed increased fungal inhibition with a mean inhibition zone of 11.0±0.7 mm. In contrast, the rpeB mutant demonstrated decreased fungal inhibition and the mean zone width was reduced to 5.1±0.4 mm (Fig. 4) . These observations suggest that RpeA and RpeB differentially regulate fungal inhibition by controlling phenazine production in P. chlororaphis 30-84.
Expression of rpeA and rpeB genes under different conditions qPCR experiments were carried out to determine the relative transcript levels of rpeA and rpeB in the wild-type under different growth conditions. The expression of rpeA and rpeB was significantly higher in PPMD medium than in AB minimal medium+2 % Casamino acids (6.5±0.5-and 7.2±1.2-fold higher for rpeA and rpeB, respectively), indicating that these genes are induced in phenazineinducing medium. No noticeable difference in rpeA or rpeB expression was detected when the wild-type was grown in LB or AB medium (data not shown). When the wild-type was grown at 37 u C, transcripts of rpeA and rpeB were lower than when it was grown at 27 u C (4.1±0.5-and 3.8±0.3-fold for rpeA and rpeB, respectively). These results indicate that the expression of rpeA and rpeB are mediumand temperature-dependent.
DISCUSSION
TCSTs are used by bacteria to sense environmental signals and respond to perceived changes by altering gene Fig. 3 . Phenazine production in P. chlororaphis wild-type and derivative strains. (a) Bacterial strains were grown in LB for 24 h at 28 6C with shaking. Phenazine was extracted by using benzene and the amount of phenazine was measured at 367 nm. Data points represent means±SD of three replicates. The different lower-case letters indicate significant differences between treatments. Similar results were obtained in at least three independent experiments. (b) Relative expression of rpeA, rpeB, pip, phzI, phzR and phzB genes in the pip mutant compared with the wild-type strain by qPCR. 16S rDNA was used as the reference gene. Cells were grown in AB minimal medium+2 % Casamino acids for 18 h with shaking to OD 600 1.2. Data points represent means±SD of three replicates. Statistical analysis of DDCt values confirmed that for each gene tested, non-overlapping error bars indicate significant differences between strains in gene expression. These experiments were repeated at least three times and similar results were obtained.
The RpeA/RpeB system in P. chlororaphis expression patterns (Stock et al., 1990) . Most twocomponent systems in P. chlororaphis or other Pseudomonas species have not been characterized experimentally. In this study, we identified the RpeA cognate response regulator RpeB and revealed that, as compared with RpeA, it has the opposite effect on phenazine expression. RpeA and RpeB differentially regulate phenazine production upstream of pip and phzR. In a separate experiment, an rpeAB double mutant produced a lower amount of phenazines and AHL than the wild-type, similar to the rpeB mutant, indicating that the RpeA/RpeB two-component system as a whole positively contributes to phenazine production. These results provide important clues toward understanding the complex regulatory network controlling phenazine production in this biocontrol bacterium.
In many TCST systems, the cognate regulator and sensor components act synergistically, with the regulator being activated by HK-dependent phosphorylation; in this case the expectation is that mutations in either gene would produce a similar phenotype. However in 30-84, differential expression of the phenazine biosynthetic genes resulted in rpeA and rpeB mutants with opposite phenotypes. Differential regulation of phenotypes by the cognate regulator and sensor components of other TCSTs has been observed previously. For instance, the expression of cupD in P. aeruginosa PA14 is activated by the RcsB response regulator but repressed by its putative cognate sensor RcsC (Nicastro et al., 2009) . In the bacterium Erwinia amylovora, RcsB positively controls the expression of amylovoran biosynthetic genes both in vitro and in vivo; whereas RcsC acts as a positive regulator in vivo, but as a negative regulator in vitro (Wang et al., 2009 (Wang et al., , 2011b (Wang et al., , 2012 . It has been well-documented that the sensor kinase protein has both kinase and phosphatase activities (Krell et al., 2010) . The switch from a kinase to a phosphatase depends on environmental signals. It is tempting to speculate that the RpeA protein may have a net phosphatase activity resulting in the dephosphorylation of RpeB in laboratory culture; thus RpeB proteins would be more highly phosphorylated in the absence of RpeA, leading to the overproduction of phenazines. Perhaps under other more natural conditions, such as those normally encountered in the rhizosphere, RpeA may have a net kinase activity and positively contribute to phenazine production by phosphorylating RpeB. In this case, RpeA and RpeB would act synergistically as positive regulators of phenazine production. Further research is needed to verify the activities of RpeA and RpeB in vivo.
RpeA had the greatest impact on phenazine production in minimal medium, where population growth rates were diminished and phenazine production by the wild-type was limited even at high cell density. RpeA mutants produced significantly more phenazines at lower cell densities in minimal medium than the wild-type, despite the strains producing similar amounts of AHL (Whistler & Pierson, 2003) . As demonstrated previously and confirmed in this study, RpeA negatively regulates phzR expression in minimal media, suggesting that the RpeA/RpeB system modulates phenazine production under certain nutrient conditions by regulating PhzR levels. Interestingly, PhzR was not required for phenazine production in the absence of the RpeA repressor when grown in broth culture (Whistler & Pierson, 2003) . One possibility is that overaccumulation of active RpeB has a dominant role in phenazine production in the absence of phzR. However, overexpression of RpeB in the phzR mutant alone cannot restore phenazine production (D. Wang and others, unpublished data). Another possibility is that RpeA/RpeB affects the expression of the second quorum-sensing system CsaI/CsaR. As reported previously, loss of phzR or phzI resulted in approximately 10 % of the wild-type levels of phenazines after 72 h on PPMD medium, whereas loss of both QS systems resulted in no phenazine production (Zhang & Pierson, 2001 ). The expression of csaI and csaR was not changed in the rpeA or rpeB mutants, suggesting that the observed phenazine production occurred under normal levels of csaI and csaR and was not due to upregulation of the second QS system.
Although the gene targets of RpeB are unclear, the relative position of RpeB in the regulatory hierarchy was deduced from its effects on the expression of other known phenazine regulatory genes. Our results demonstrated that RpeB positively controls phzR expression and AHL production. Our results also showed that RpeB positively regulates pip, whereas pip is negatively regulated by RpeA. In contrast, other phenazine regulatory genes, including hfq Overnight cultures of wild-type and mutant strains were spotted onto LB plates+0.5 % potato dextrose agar. After 2 days of growth at 28 6C, a 5 mm plug of G. graminis var. graminis was placed in the centre of the plates. The inhibition zones were measured at 4 days post-inoculation. Data points represent means±SD of three replicates. Statistical analysis indicated significant differences between all strains in fungal inhibition. The experiment was repeated four times and similar results were obtained.
and rpoS, were not significantly affected by the RpeA/RpeB system. Phenazine production was fully restored in rpeB mutants by constitutive expression of pip, but was not restored in pip mutants by constitutive expression of rpeB, consistent with the position of RpeB being upstream of Pip in phenazine regulation. Pip has been shown to activate phenazine production through the PhzI/PhzR QS system in P. chlororaphis PCL1391. In our analysis, the expression of both phzI and phzR is significantly downregulated in a pip mutant strain, consistent with the upstream position of Pip relative to QS regulation of phenazine biosynthesis.
Based on our results, a simplified model is proposed to describe the interaction of these regulatory systems in controlling phenazine production in 30-84 (Fig. 5) . According to this model, the level of active, phosphorylated RpeB is possibly controlled by RpeA or other small phospho-donors such as acetyl phosphate. We hypothesize that the phosphatase/kinase activity of RpeA may be dependent on environmental conditions, including growth media or temperature, which then influences the ratio of phosphorylated to non-phosphorylated RpeB. Phosphorylated RpeB promotes the expression of pip at the transcriptional level, which in turn enhances phenazine production through the QS system, similar to pip regulation of quorum sensing in PCL1391 (Girard et al., 2006a) . In minimal media, RpeA modulates the expression of pip, phzR and the phenazine biosynthetic genes. Additionally, the expression of rpeA and rpeB was enhanced in media conducive to phenazine production (e.g. PPMD) and reduced at high temperatures where phenazine production also is reduced. These data support the hypothesis that RpeA may function as a sensor of the metabolic state or stress condition of the cell, determining whether production of secondary metabolites is appropriate (Whistler & Pierson, 2003) . A recent study showed that pip overexpression in PCL1391 is detrimental to cells under various stress conditions (Girard & Rigali, 2011) , leading to the speculation that Pip may modulate biological functions (such as phenazine production) that may be deleterious to the cell under stressed conditions. In this study, stresses could reduce pip expression, but not the expression of the alternate sigma factor rpoS, which can influence pip expression in vitro. Given that pip expression is regulated by RpeB/RpeA, it is possible that Pip regulation of secondary metabolites under stressed conditions is related to RpeA signal transduction. Another two-component system that regulates phenazine production is the GacS/ GacA system. In P. chlororaphis 30-84 and PCL1391, GacS/ GacA increase phenazine production, in part by positively activating rpoS expression (E. Pierson and others, unpublished data; Girard et al., 2006b, respectively) . Recently, we observed that constitutive expression of rsmZ in GacA mutants fully rescued phenazine production in P. chlororaphis 30-84 (E. Pierson and others, unpublished data) . However, neither the mechanism of RsmZ control of phenazine production nor of the potential interaction between GacS/GacA and RpeA/RpeB has been determined. One possible mechanism of interaction could be through control of pip, since it has been proposed that GacS/GacA regulates pip expression via RpoS (Girard et al., 2006a) .
Pip, originally characterized in P. chlororaphis PCL1391 as the 'phenazine inducing protein', is an important activator of phenazine (PCA, PCN) production in PCL1391. Our genetic studies also revealed its role in phenazine (PCA, 2OHPCA and 2OHPZ) production in 30-84, further indicating a conserved regulatory pathway between the two biocontrol strains. Bioinformatic analyses showed that the two Pip homologues share over 95 % amino acid sequence similarity. Homologues of pip also are observed in nonphenazine-producing biocontrol pseudomonads such as P. fluorescens Pf-5 (95 % amino acid sequence similarity to the PCL1391 Pip). Interestingly pip homologues (sharing .80 % amino acid sequence similarity with PCL1391 Pip) are present in the same subset of Pseudomonas strains A dashed arrow indicates an unknown or as-yet uncharacterized regulatory pathway. RpeB positively controls the expression of pip, which in turn activates phenazine production through the PhzI/ PhzR quorum sensing system. RpeA has net phosphatase activity on RpeB when growing in liquid medium. In the absence of RpeA, RpeB is possibly over-phosphorylated by small phospho-donors, such as acetyl phosphate, resulting in the increased expression of the pip, phzR/phzI and the phenazine biosynthetic genes.
that have rpeB homologues with high amino acid sequence similarity to the 30-84 RpeB. It remains to be determined whether these regulatory homologues are functional and if they interact as RpeA/RpeB and Pip do in 30-84. However, since the majority of these Pseudomonas species do not produce phenazines, it is logical to speculate that a functional Pip would have functions other than phenazine regulation. Furthermore, given the greater conservation in the amino acid sequence of the RpeB RR compared with the RpeA HK sensor, it is likely that there is a greater similarity in how RpeB homologues interact with downstream targets, such as pip, than in the specific environmental signals that trigger RpeA/RpeB regulation.
Future research goals are to identify other genes that are regulated by RpeA/RpeB using an RNA-Seq approach. We hope to identify the potential DNA-binding sites for RpeB and investigate the relationship between RpeA/RpeB and other TCST systems such as the GacS/GacA involved in phenazine regulation and other RpeA/RpeB-regulated phenotypes. We are currently investigating the role of RpeA/ RpeB in stress response. We are particularly interested in knowing whether different environmental conditions can alter the relative kinase/phosphatase activity of RpeA. Since phenazine gene expression is necessary for the biological control capability of P. chlororaphis 30-84 (pathogen inhibition and rhizosphere competence), we are currently investigating how RpeA/RpeB controls phenazine gene expression in vivo, such as during wheat root colonization.
